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Abstract

Application of hyperspectral reflectance technology to track changes in photosynthetic activity in Atractylodes
chinensis (A. chinensis) remains underexplored. This study aimed to investigate the relationship between hyperspectral
reflectance and photosynthetic activity in the leaves of 4. chinensis in response to a decrease in soil water content.
Results demonstrated that the reflectance in both the visible light and near-infrared bands increased in conjunction
with reduced soil water content. The derived vegetable indices of photochemical reflection index (PRI) and
the pigment-specific simple ratio of chlorophyll 5 (PSSR;) gradually decreased. In contrast, the normalized difference
in water index (NWI) and water index (WI) increased. Moreover, significant correlations were observed between PRI,
PSSRy, WI, and NWI and photosynthetic activity indices, namely photosynthetic rate and total performance index.
Consequently, hyperspectral reflection represents a productive approach for evaluating the influence of water deficit
on photosynthetic activity in A. chinensis leaves.
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DETECTING CHANGES IN PHOTOSYNTHETIC ACTIVITY USING HYPERSPECTRAL REFLECTANCE

Introduction

Atractylodes chinensis (DC.) Koidz. (4. chinensis), is
a perennial herb (Xia et al. 2013); its dry rhizome is one of
the important basic sources of traditional Chinese medicine
Atractylodis rhizoma (Zhang et al. 2021a, 2023), which is
rich in semiterpenes, sesquiterpenes, alkynes, sterols, and
polysaccharides (Lei ef al. 2023, Ma et al. 2023), mainly
for abdominal distension, diarrhea, edema, rheumatism,
indigestion, and other diseases (Xu et al. 2016). It also
plays an important role in treating and preventing novel
coronavirus (COVID-19) (Lei et al. 2022). In addition,
the area under cultivation of A. chinensis is expanding in
response to the shortage of wild resources and increasing
market demand.

Water, one of the most important substances for
maintaining plant life activities and growth metabolism,
plays an important role in plant growth and development,
yield, and quality formation (Gupta et al. 2020, Ilyas et al.
2021). Our previous studies have shown that precipitation
is one of the main factors controlling the habitat
distribution of 4. chinensis in the Yanshan district of north
Hebei (Wang et al. 2023). It corroborates the previous
view that variations in soil moisture can lead to changes
in gene expression in A. chinensis (Ma et al. 2024).
Moreover, moderate drought promotes the formation
and accumulation of pharmacodynamic substances, such
as atractylodes, atractylodes ketone, and [-cineole in
A. chinensis. Severe drought negatively impacts its growth
and quality (Zhang et al. 2021b). However, soil water
deficiency leads to water loss in plant leaves, resulting
in decreased photosynthesis, thus inhibiting the growth
of plants (Gupta et al. 2020). Therefore, monitoring
the change in photosynthesis of plant leaves is an effective
way to evaluate the water status of plants and soil, and it
can be used to monitor and regulate the soil water content,
which can promote the improvement of plant production
efficiency and quality. Although the photosynthetic
activity of plant leaves can be accurately measured using
the traditional gas-exchange method (Jia et al. 2023,
Tominaga and Kawamitsu 2024), its application to soil
water regulation is often limited by factors such as a long
measurement time or a small monitoring range. Therefore,
how to quickly and accurately obtain photosynthesis
traits of 4. chinensis leaves has become a key issue in
establishing efficient and accurate water control technology
and is an indispensable part of the current development
of intelligent agriculture. This is important to improve
the yield and quality of A. chinensis.

Hyperspectral reflectance technology has rich spectral
information and good timeliness, which can accurately
reflect the growth status and physiological characteristics of
plants under different growth conditions nondestructively
and in real time (Munné-Bosch and Villadangos 2023).
It has been widely used in monitoring plant growth,
agricultural production, and decision-making processes
(Estrada et al. 2023, Flynn et al. 2024). Studies have shown
that the leaf reflectance spectrum can diagnose nitrogen,
phosphorus, or potassium deficiency in Lactuca sativa L.
(Kanash et al. 2023), and monitor the drought tolerance

of Withania somnifera (L.) Dunal (Singh 2023), cultivated
soybeans (Poudel ez al. 2023), and wheat (Rusakov and
Kanash 2022, Ejaz et al. 2023), and reflect photosynthetic
traits (Buchaillot e al. 2022) or metabolic responses
(Burnett et al. 2021) under different conditions. However,
the leaf reflectance spectrum is influenced by several
factors, including structural factors, such as leaf thickness,
dry matter, and water content, as well as physiological
factors such as pigment concentration (Raypah ez al. 2024).
The changes observed in this spectrum under different
water conditions are complex and exhibit a certain degree
of inherent coupling. Its structural changes result in varied
spectral characteristics and sensitivity of vegetation indices
depending on plant species. Therefore, it is necessary to
establish or verify the relationship between the reflectance
spectrum and the leaf photosynthetic index for different
plants.

In summary, to verify the feasibility of establishing
precise water control technology for A. chinensis by using
hyperspectral reflectance technology, we have analyzed
the response of reflectance spectrum and photosynthetic
activity of A. chinensis leaves to soil water content
with a pot water control experiment and demonstrated
the relationship between reflectance spectrum and
photosynthetic activity in 4. chinensis leaves. It can provide
a theoretical basis and support establishing precise water
control technology based on hyperspectral reflectance,
promote the development of intelligent agriculture, and
improve the quality of cultivated A. chinensis.

Materials and methods

Experimental materials and treatment: The annual
A. chinensis seedlings with consistent growth and good
development were provided by Chengde Bijiashan
Ecological Agriculture Technology Development Co.,
Ltd., and taken as experimental materials in the autumn
of 2023. Planting soil was taken from the cultivated
layer (0-20 cm) of farmland, dried naturally, cleaned of
impurities, and passed through a 6-mm pore size sieve,
with a bulk density of 1.58 g cm=, pH 7.7, organic matter
content of 3.46 g kg'!, available nitrogen content of
62.6 mg kg™, available phosphorus content of 20.3 mgkg™!,
and available potassium content of 112.2 mg kg.
The selected seedlings of A. chinensis were transplanted
into flowerpots (35 cm in diameter and 45 cm in height);
each pot was filled with 4 kg of soil, and one seedling
was transplanted. A total of 24 pots were transplanted
and subjected to thorough watering and cultivation
within a greenhouse environment [temperature: 20-25°C,
irradiance: 0-600 pmol(photon) m? s7']. Growth
environment conditions were maintained at a constant
level throughout the culture period. To avoid obvious
changes in soil water content, the soil was artificially
weighed and rehydrated every 2 d. At the flowering stage,
the plants with uniform growth were randomly divided
into a control group (CTG) and a water consumption
group (MCG), with 12 pots allocated to each treatment.
The MCG was subjected to natural water depletion
to create a multistage soil water gradient. The CTG
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was maintained using the artificial water replenishment
method maintaining the soil water content. Reflectance
spectra, gas exchange, chlorophyll (Chl) a fluorescence
of fully developed leaves, and the mass of the pot were
then measured on 0, 2, 4, 6, and 10 d (denoted Do, D,
D, D¢, and Dy, respectively). Then the soil water
content was calculated as follows: soil water content [%] =
(W, — Dy)/Dy, x 100, where W,, is the wet mass, and Dy, is
the dry mass.

Spectral reflectance: The spectral reflectance of the leaves
was measured in situ using a Unispec-SC spectrometer
(PP Systems, USA). The leaf illumination was provided
by a tungsten halogen lamp in the spectrometer. The fully
developed leaves from six pots of plants were selected for
each treatment, and four different sites were determined
for each leaf. Thereafter, the vegetation indexes used to
measure water status, pigment content, and photosynthetic
characteristics of the leaves were calculated according to
Appendix 1. The average of the results was then calculated.

Gas exchange: The photosynthetic rate (Px), the stomatal
conductance (gs), the transpiration rate (£), and
the intercellular CO, concentration (C;) of the leaves were
measured in situ using a CIRAS-4 portable photosynthesis
measurement system (PP Systems, USA). The atmospheric
conditions in the leaf chamber were controlled during
the measurement, the PPFD was set at 1,200 pmol m™ s!,
the temperature was set at 25°C, and the CO, concentration
was set at 360 umol mol™'. The light was provided by
a red/blue LED source. The final mean value of Py, g,
E, and C; was calculated from the fully developed leaves
of six plants from each treatment. Then, the water-use
efficiency (WUE) was calculated as Pv/E.

Chlorophyll a fluorescence: The fast Chl a fluorescence
induction kinetics curve (OJIP curve) was measured in
situ using a Handy PEA fluorescence meter (Hansatech,
UK). The leaves were dark-adapted for 20 min, then
induced by pulsed light at 3,000 pmol(photon) m2 s,
and fluorescence signals from 10 ps to 1s were recorded.
The OJIP curve was measured in the fully developed
leaves of ten pots of plants from each treatment, and
the results were averaged. The OJIP curve yielded several
additional phenomenological and biophysical expressions
facilitating structural and functional information regarding
PSII. The selected parameters (Appendix 2) enabled
the quantification and comparison of the PSII behavior
observed in A. chinensis plants subjected to progressive
water stress (Tsimilli-Michael 2020, Xue ef al. 2022).

Statistical analysis: One-way analysis of variance
(ANOVA) was used to assess all the data for obvious
differences (P<0.05) by SPSS 22.0 statistical software.
The Python 3.9 was used to construct graphs.

Results

Soil water content: The soil water content of the CTG
was maintained within the range of 13.5-16.7% using
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artificial weighing of water replenishment throughout
the experiment. In contrast, the soil water content of
the MCG exhibited a gradual decline. The extension
of the treatment time resulted in a multistage soil water
gradient over time, with the lowest level observed on
the 10" day, at 5.8%. This represents a 59.7% decrease
compared to the control group (Fig. 1).

Leaf spectral reflectance: The spectral reflectance of
plant leaves is influenced by multiple factors, such as
leaf pigment content, water content, and physiological,
and biochemical conditions. Alterations in the growth
environment consequently result in changes in
the reflectance characteristics. The reflectance of
the leaves of A. chinensis exhibited a gradual increase
with the progression of treatment time in the near-infrared
band (740-1,000 nm). Conversely, the visible band
(450-680 nm) significantly increased at Dy, (Fig. 2B).
In contrast, there was no significant change in the spectral
reflectance of A. chinensis leaves in CTG (Fig. 24).
Meanwhile, the vegetation indices PRI and PSSR, which
reflect leaf photosynthetic activity and Chl b content,
demonstrated a decline with decreasing soil water content
in MCG. Conversely, the indices NWI and WI, which
reflect leaf water status, exhibited a gradual increase.
In contrast, the index PSSR, remained unchanged. This
demonstrated minimal fluctuations in the CTG (Table 1).

Gas-exchange parameters: As illustrated in Fig. 3,
the Py, gs, E, Ci, and WUE in the leaves of 4. chinensis
plants grown in the CTG treatment remained relatively
stable due to the soil water content being maintained at
a normal level. However, the reduction in soil water
content in MCG resulting from natural water consumption
led to notable alterations in the gas-exchange parameters of
A. chinensis leaves. A significant decrease in the values
of Pn, g, and E was observed in association with
a reduction in soil water content, with values of 0.85 pmol
m~2 s, 23.88 mol m? s, and 0.62 mol m s on day 10,
which were 93.9, 94.1, and 86.4% lower than the control,
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Fig. 1. Changes in soil water content in CTG and MCG. CTG —
control group; MCG — water consumption group. Values are
means = SDs (n = 12).
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respectively. Nevertheless, the data indicated a pattern of
initial decline followed by an increase in C;, while WUE
demonstrated an initial increase followed by a decline.

Chlorophyll a fluorescence: The Chl a fluorescence
induction curve (OJIP curve) contains a great deal of
information about primary photochemical reactions and has
been widely used to monitor changes in the photosynthetic
apparatus of plants under different conditions (Tsimilli-
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Fig. 2. Response of spectral reflectance in Atractylodes chinensis
leaves to different soil water content treatments of CTG (4)
and MCG (B). Twenty-four measurements were made for each

treatment and the results were averaged. CTG — control group;
MCG — water consumption group.

Michael 2020). This study demonstrated no significant
alteration in the OJIP curve in the A. chinensis leaves of
CTG when soil water content was maintained at a normal
level (Fig. 44). Nevertheless, the OJIP curve of MCG
exhibited a pronounced change in its shape in response
to variations in soil water content, with the degree of
alteration being most pronounced at Dy, (Fig. 4B). This
result indicates that the alteration in soil water content
influenced the photosynthetic primary reaction of electron
transfer chain in A. chinensis leaves. The quantitative
analysis of the OJIP curve indicated that the fluorescence
parameters V;, Vi, ABS/RC, TR(/RC, and DIy/RC in
A. chinensis leaves from MCG exhibited an increasing
trend, PIxps and Pl decreased significantly, and the other
parameters (Qro, Wro, Oro, ETo/RC, RE(/RC) did not
change significantly with decreasing soil water content
(Fig. 5B). Additionally, there was no discernible change
in the fluorescence parameters in 4. chinensis leaves from
CTG (Fig. 54).

Relationship between leaf vegetation indices and
photosynthetic activity: To gain a deeper insight into
the relationship between leaf reflectance spectral
vegetation indices and the photosynthetic activity of
A. chinensis under varying soil water gradients, a correlation
analysis was conducted between leaf vegetation indices
and typical photosynthetic characteristics under different
soil water contents (n = 10). The results demonstrated
a significant correlation between vegetation indices
including PRI, PSSR, NWI, and WI with photosynthetic
activity indices Px, gs, E, Plags, and Pl under varying
soil water gradients (Fig. 6).

Discussion

Photosynthesis, as an important indicator of the physio-
logical state of plants, can respond quickly to changes in
soil water content (Gupta et al. 2020, Ilyas et al. 2021).
Among these, Py is frequently employed as a crucial
physiological indicator to delineate the response of plants
to soil water content (Tankari et al. 2021, Nion et al.

Table 1. Response of vegetable indices PRI, PSSR,, PSSRy, NWI, and W1 in Atractylodes chinensis leaves to different soil water content.
The mean + SE values of twenty-four replicates are shown. Different lowercase letters in a column represent obvious differences
at P<0.05 level. NWI — normalized difference water index; PRI — photochemical reflection index; PSSR, — pigment specific simple
ratio of chlorophyll a; PSSR, — pigment specific simple ratio of chlorophyll 5; WI — water index; CTG — control group; MCG — water

consumption group.

Treatment Time (day) PRI PSSR, PSSR, NWI WI

CTG D, 0.09+£0.01* 9.04 £ 0.69* 10.09 +1.10° —0.003 + 0.006° 0.99 +£0.01°
D, 0.09 +£0.01* 8.77 £ 0.66* 9.99+1.10? —-0.005 £ 0.002¢ 0.99 £ 0.00°
D, 0.08 +£0.01* 9.96 + 0.87* 10.73 +£1.22° —0.007 £ 0.002¢ 0.99 + 0.00°
Ds 0.09 +£0.01# 9.08 +0.80* 10.35 +£1.25° —-0.007 £ 0.004¢ 0.99+0.01°
Dio 0.10+0.01* 9.22+£0.51° 10.47 £ 0.86* —-0.007 £ 0.003¢ 0.99+0.01°

MCG Dy 0.08 +£0.01* 8.86 047 9.48 £0.55* —-0.004 £ 0.001¢ 0.99 £ 0.00°
D, 0.08 £0.01° 9.71 £047* 9.42 +£0.70% —-0.003 £ 0.002¢ 0.99 £ 0.00°
D, 0.07£0.01° 9.49 +0.70° 9.344+0.72° —0.004 £ 0.002¢ 0.99+0.01°
Ds 0.07 = 0.00° 9.08+0.37* 9.15+0.44¢ —-0.001 £ 0.004° 1.00 +£0.01*
Dy 0.06 + 0.02° 8.53 +0.66° 7.81 4+ 1.52¢ 0.002 + 0.004* 1.00 + 0.00?
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2024). In this study, the Py and WUE in A4. chinensis leaves
of CTG remained relatively stable when the soil water
content was within the 13.5-16.7% range. Conversely,
the Px decreased while WUE increased significantly as
soil water content initially decreased in the MCG group.
The observed trend was attributed to the fact that ABA,
which is produced in the roots in response to declining
soil water content, induced stomatal closure, leading to
a reduction in gs and E (Lima et al. 2021). However, as
soil water content further decreased to 5.8-8.2%, the Px
and WUE of 4. chinensis leaves declined, C; increased
significantly, which indicate a shift in the limiting factors
of photosynthesis from primarily stomatal to nonstomatal
restrictions at this stage. The causes underlying
the reduction in photosynthesis in 4. chinensis leaves are
inversely correlated with soil water content, exhibiting
a similar response pattern to that observed in maize
under soil water stress (Jia et al. 2020). Previous studies
have demonstrated that the stomatal turning point of
photosynthesis is the lowest water deficit for plants to
maintain normal growth. Beyond this threshold, if water
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and transpiration rate (E) (E) in Atractylodes chinensis leaves to different
soil water content. Values are means = SDs (n = 6). CTG — control group;
MCG — water consumption group.

stress persists, plants experience a severe reduction in their
photosynthetic productivity.

Inhibition of photosynthetic carbon assimilation
reduces the consumption of ATP and NADPH, leading
to feedback inhibition of photosynthetic electron transfer
in chloroplasts (Xue et al. 2014). In this study, we used
the technique of Chl a fluorescence to reflect the state
of the photosynthetic electron transport (Li ef al.
2019, Rapacz et al. 2019). The results showed that the
photosynthetic electron transfer process of A. chinensis
leaves in the MCG was strongly inhibited as the water
content of the soil decreased to 5.8% on the 10" day, which
was proven by the significant change of OJIP curves. There
was a gradual increase in V, and V; as a result of natural
water consumption, which indicated a limited electron
transfer after Qa and PQH,. The inhibition of electron
transport has been demonstrated to increase the likelihood
of generating reactive oxygen species (ROS), which in
turn has the potential to cause membrane damage and
the deterioration of membrane integrity. The dramatically
decreased Pli., which has the four main structural and
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Fig. 4. Response of chlorophyll a fluorescence in Atractylodes
chinensis leaves to different soil water content treatments of
CTG (4) and MCG (B). Ten replicates were made for each
treatment and results averaged. F, — fluorescence emission from
a dark-adapted leaf at the time t; CTG — control group; MCG —
water consumption group.
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functional parameters, including ABS/RC, @py, Wro, and
Oro, indicates that the ability of energy conservation and
the activity of photosynthetic apparatus were inhibited
by the decreasing soil water content and suggests that
the damage of photosynthetic apparatus was one of
the reasons of decreased Py under severe soil water
content. The reduction in RC/CS, indicates a decline in
the number of functional reaction centers, which increases
the energy absorbed and transferred by each reaction
center, as well as an increase in ABS/RC and TR¢/RC. Thus,
the apparent rise in DIo/RC in A. chinensis leaves in the
MCG was a dissipation of excess excitation energy. Then,
the photosynthetic apparatus of A. chinensis leaves was
irreversibly disrupted as a consequence of the generation
of ROS due to the absence of timely energy dissipation.
Guha et al. (2013) demonstrated using Chl a fluorescence
and proteomic analysis techniques that mulberry trees can
comprehensively downregulate the photosynthetic process
without serious damage to the structural and functional
integrity of PSII under prolonged drought conditions to
maintain the internal balance between electron transfer
reaction and reduction of carbon metabolism. Our study
demonstrated that the nonstomatal limitation factors of
photosynthesis in A. chinensis leaves can be partially
attributed to the destruction of the photosynthetic
apparatus. However, it has long been recognized that
ROS serve as a fundamental factor in inducing increased
secondary metabolism. In essence, ROS activate gene
expression and alter enzyme structures, thereby enhancing
the activity of key rate-limiting enzymes essential for
producing secondary metabolites (Borges er al. 2017).

RC/Cso

TRo/RC
ABS/RC

Fig. 5. Response of chlorophyll @ fluorescence parameters in Atractylodes chinensis leaves to different soil water content of CTG (4)
and MCG (B). Ten measurements were taken for each treatment, after which the average result was calculated. ABS/RC — absorption
flux per RC; DIy/RC — dissipated energy flux per RC at t = 0; ETo/RC — electron transport flux per RC at t = 0; M, — slope of the curve
at the origin of the relative variable fluorescence rise; Plags — performance index; Pl — the total performance index; RC/CSy — Qa
reducing RCs per CS; RE(/RC — electron flux per active RC reducing the end electron acceptors on the acceptor side of PSI at t = 0;
TRo/RC — trapped energy flux per RC at t = 0; dro — probability that an electron is transported from the reduced intersystem electron
acceptors to the final electron acceptors of PSI; ¢py — maximum quantum yield for primary photochemistry; ygy — probability that

an electron moves further than Qa.
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Fig. 6. Relationship between leaf vegetation indices and
photosynthetic activity of Atractylodes chinensis leaves under
different soil water content. ABS/RC — absorption flux per RC;
C; — intercellular CO, concentration; CTG — control group;
DIy/RC — dissipated energy flux per RC at t = 0; £ — transpiration
rate; ETo/RC — electron transport flux per RC at t = 0; F, —
fluorescence emission from a dark-adapted leaf at the time t;
gs — stomatal conductance; MCG — water consumption group;
M, — slope of the curve at the origin of the relative variable
fluorescence rise; NWI — normalized difference water index;
Plags — performance index; Pl — the total performance index;
Px — net photosynthetic rate; PRI — photochemical reflection
index; PSSR, — pigment specific simple ratio of chlorophyll a;
PSSR, — pigment specific simple ratio of chlorophyll b; RC/CS, —
Qa~ reducing RCs per CS; RE(/RC — electron flux per active RC
reducing the end electron acceptors on the acceptor side of PSI
at t = 0; TR/RC — trapped energy flux per RC at t = 0; WI —
water index; WUE — water-use efficiency; dro — probability that
an electron is transported from the reduced intersystem electron
acceptors to the final electron acceptors of PSI; ¢py — maximum
quantum yield for primary photochemistry; ygy — probability that
an electron moves further than Q4.

Consequently, a moderate degree of water stress will
be conducive to the synthesis and accumulation of
the medicinal components of A. chinensis. Based on
the above analysis, the gas exchange or Chl a fluorescence
technique can accurately reflect the photosynthetic activity
of A. chinensis at different soil water contents.
Hyperspectral —reflectance technology has the
characteristics of rich spectral information and good
timeliness, which timely reflect physiological indices,
such as water status, pigment content, nutrient status, and
photosynthetic fluorescence of plants and their internal
correlation (Singh 2023, Raypah et al. 2024). Water is
an important component of leaves, so the lack of water
can cause their physiological changes. It is the foundation
for monitoring physiological and water status using
hyperspectral reflectance techniques. In the present study,
the spectral reflectance of A. chinensis leaves increased
with reduced soil water content in the visible (450—-680 nm)
and near-infrared (740—1,000 nm) bands, but the variation
was more marked in the near-infrared band. The vegetable
indices WI and NWI, which are derived from the spectral
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reflectance, have been used to reflect the water content
of leaves (Penuelas ef al. 1997, Blackburn 1998). Thus,
WI and NWI increased with decreasing soil water content
in this study, demonstrating that the water content of
A. chinensis leaves decreased gradually. Studies have
shown that PSSR, and PSSR, can reflect the content of
Chl @ and b in the leaves (Blackburn 1998), which are
involved in the absorption, transfer, and transformation
of light energy in plant photosynthesis. However, PSSR,
showed no obvious changes, while PSSR, decreased
gradually with decreasing soil water content in this
study. The ROS generated by the blocked photosynthetic
electron transfer led to the degradation of Chl b, which is
more susceptible to the effects than Chl a. The PRI has
been demonstrated to exhibit a strong correlation with
the pigment content related to the lutein cycle in plant
leaves. This correlation reflects the photosynthetic rate
and light energy-use efficiency of plants. Furthermore, it
demonstrates a declining trend with reducing soil water
content. Its correlation with Py and Pliy. is also noteworthy,
aligning with previous research findings (Kalisz et al.
2023, Song et al. 2023). It can be concluded from the above
that spectral reflectance can be employed to monitor and
evaluate the photosynthetic activity of A. chinensis leaves
under different soil water conditions. This has the potential
to be applied in the field of water regulation.

Conclusions: The relationship between vegetable indices
and photosynthetic characteristics under varying soil
water content provides insights into the utility of spectral
reflectance as an effective tool to assess changes in
the photosynthetic activity of leaves of A. chinensis
in response to water deficits. The technology has
the potential to be widely applicable in the monitoring
of drought conditions and the regulation of soil water in
the cultivation of 4. chinensis. However, this study did not
consider the impact of water control at different growth
stages on the photosynthetic activity of A. chinensis leaves,
nor was there a sufficient body of research available at
the population, canopy, and ecological levels. These
limitations will be addressed in future studies.
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Appendix 1. The equation of vegetation indices deriving from spectral reflectance. Rx is the spectral reflectance at X wavelength.

Vegetation index Abbreviation Equation Reference
Photochemical reflection index PRI PRI = (Rs31 — Rs70)/(Rs31 + Rso) Gamon et al. (1992)
Pigment-specific simple ratio (Chl a) PSSR, PSSR, = Rso/Reso Blackburn (1998)
Pigment-specific simple ratio (Chl b) PSSR, PSSRy, = Rgoo/Re3s Blackburn (1998)
Water index WI WI = Ro70/Rogo Penuelas et al. (1997)
Normalized difference water index NWI NWI = (Ro70 — Rogo)/(Ro70 + Rago) Asgari et al. (2023)

Appendix 2. The selection of JIP-test parameters and the equations used in this study.

Parameter ~ Description Equation
F, Fluorescence emission from a dark-adapted leaf at the time t
M, The slope of the curve at the origin of the relative variable fluorescence My = 4(F30.s — Fo)/(Fm — Fo)
rise
Pro Maximum quantum yield for primary photochemistry @ro = (Fi — Fo)/Frn
WEo The probability that an electron moves further than Q4 Ve =1-V,
Sro Probability that an electron is transported from the reduced intersystem  dgo = (1 — V)/(1 —V))
electron acceptors to the final electron acceptors of PSI
RC/CS, Qa reducing RCs per CS RC/CSq = @ro (ABS/CS)(Vi/My)
ABS/RC Absorption flux per RC ABS/RC =M, (1/Vy)(1/ppo)
TR«/RC Trapped energy flux per RC at t =0 TRo/RC =Mo/V;
ETy/RC Electron transport flux per RC att =10 ETo/RC = Mo(1/V)) ygo
RE«/RC Electron flux per active RC reducing the end electron acceptors REW/RC =My(1/Vy)(1 -V))
on the acceptor side of PSIatt=0
DIy/RC Dissipated energy flux per RC att=0 DIy/RC = ABS/RC — TR(/RC
Plags The performance index Plags = (RC/ABS)[@ro/(1 — @ro) [Weo/(1 — Wero)]
Pligta The total performance index Pl = Plags [8ro/(1 — Sro)]
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